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SYSTEMS AND METHODS FOR PERIODIC
NODAL SURFACE BASED REACTORS,
DISTRIBUTORS, CONTACTORS AND HEAT
EXCHANGERS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a continuation-in-part and
claims priority of U.S. patent application Ser. No. 16/243,
810 filed on Jan. 9, 2019. The entire disclosure of the above

application 1s incorporated herein by reference.

STATEMENT OF GOVERNMENT RIGHTS

[0002] The Umnited States Government has rights in this
invention pursuant to Contract No. DE-AC52-07NA27344

between the U.S. Department of Energy and Lawrence
Livermore National Security, LLC, for the operation of
Lawrence Livermore National Laboratory.

FIELD

[0003] The present disclosure relates to engineered cellu-
lar structures which form periodic nodal surfaces, including
triply periodic minimal surface structures, and which are
especially well-suited for use with a wide variety of systems
including reactors, distributors, contactors, heat exchangers
and other types of systems where heat and/or mass transfer
1s 1mportant.

BACKGROUND

[0004] This section provides background information
related to the present disclosure which 1s not necessarily
prior art.

[0005] Industrial sectors that require unit operations asso-
ciated with energy or mass transier such as power genera-
tion, transportation, and chemical processing, require
designs that are eflicient and compact. The 1ntroduction of
additive manufacturing has significantly expanded the
design space for novel geometries that improve efliciency
and have a smaller footprint. Triply periodic minimal sur-
taces (1PMS) are one such class of geometries that are being
considered for a wide variety of applications (Han and Che,

2021). It 1s also a subject of a previously submitted ROI and
patent application (Application No. US202002135480A1).

[0006] Some of the interest in these TPMS based geom-
etries 1s driven by their maze-like intertwined structure of
connected pathways that can potentially enhance heat and
mass transier performance. The smoothness of the surfaces
also prevents dead zones associated with poor mixing and
fouling and lowers the energy required to tlow fluids (Ouda
et al. 2020). From a geometric perspective, TPMS are
periodic 1n three directions and minimize the surface area
between given boundaries. Mathematically, at every point
these surfaces have zero mean curvature. Only some ana-
lytical representations of TPMS are known to date. Usually,
closed representations are obtained from the Weierstrass
equations which 1s quite dificult (Klinowski et al., 1996).
Other methods to approximates triply periodic minimal
surfaces include finding equipotential, zero-potential or peri-
odic nodal surfaces (PNS) (Nesper and Grin, 2011). Several
such surfaces have been reported. While some of them have
been i1dentified as an approximation for a known TPMS,
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others don’t have an associated TPMS discovered yet. So,
the TPMS structures may be considered as a sub-set of PNS
structures.

[0007] The present disclosure builds on the subject matter
covered 1n U.S. Patent Pub. No. 2020/0215480 A1, entitled
“Hierarchical Triply Periodic Minimal Surface Structures as
Heat Exchangers and Reactors™ by Pratanu Roy, Du Thai
Nguyen, and Joshuah Stolarofl. The subject matter of U.S.
Patent Pub. No. 2020/0215480 Al used Triply Periodic
Mimimal Surfaces (“IPMS”) to create novel geometries for
heat exchangers and reactors. For applications as reactors,
contactors, and heat exchangers, the zero mean curvature
property of TPMS 1s not imperative. Instead, the properties
of smoothness and non-intersecting domains 1s significantly
more useful, which 1s a property that periodic nodal surfaces
also possess. As a result, several periodic nodal surfaces
reported 1n the literature can be also used to create novel
geometries for reactor, contactor and heat exchanger design
for a variety of applications, even 1f they are not shown to
be associated with a particular TPMS.

SUMMARY

[0008] This section provides a general summary of the
disclosure, and 1s not a comprehensive disclosure of 1ts tull
scope or all of 1ts features.

[0009] In one aspect the present disclosure relates to a
transport mechanism apparatus for transporting at least one
of a gas or a liquid. The apparatus may comprise an inlet, an
outlet and an engineered cellular structure. The engineered
cellular structure may be formed 1n a three dimensional (3D)
printing operation to include cells propagating periodically
in three dimensions, with non-intersecting, non-tlat, con-
tinuously curving wall portions which form two non-inter-
secting domains. The wall portions may have openings
forming a plurality of flow paths extending in three orthogo-
nal dimensions throughout the transport mechanism appa-
ratus from the inlet to the outlet.

[0010] In another aspect the present disclosure relates to a
3D printed transport mechanism apparatus for transporting
at least one of a gas or a liquid. The apparatus may comprise
an 1inlet, an outlet, and an engineered cellular structure
formed 1n a layer-by-layer three dimensional (3D) printing
operation. The engineered cellular structure may include
cells having non-intersecting wall portions forming two
independent domains, wherein the non-intersecting wall
portions propagate 1n three orthogonal directions. The cells
may include wall portions having openings which help,
together with the non-intersecting wall portions, to form a
plurality of flow paths throughout the transport mechanism
from the inlet to the outlet. Portions of the cells form the
inlet and the outlet. In addition, at least one of a wall
thickness or a dimension of the cells 1s non-uniform across
at least one of a length (X plane), a height (Y plane) or depth
(Z plane) of the apparatus.

[0011] In still another aspect the present disclosure relates
to a method for forming a transport mechanism for trans-
porting at least one of a gas or a liquid. The method may
include using a three dimensional (3D) printing operation to
form the mechanism with an inlet and an outlet, and con-
trolling the 3D printing operation in inlet to create the
mechanism as an engineered surface structure formed in a
layer-by-layer process using the 3D printing operation. The
method may also include further controlling the 3D printing
operation such that the engineered surface structure includes
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a plurality of cells propagating periodically i three dimen-
sions, with non-intersecting, non-flat, continuously curving
wall portions which form two non-intersecting domains. The
engineered surface structure may be formed with the wall
portions having openings forming a plurality of tlow paths
extending in three orthogonal dimensions throughout the
transport mechanism apparatus from the inlet to the outlet.
[0012] Further areas of applicability will become apparent
from the description provided herein. The description and
specific examples 1n this summary are itended for purposes
of 1llustration only and are not intended to limait the scope of
the present disclosure.

DRAWINGS

[0013] The drawings described herein are for illustrative
purposes only of selected embodiments and not all possible
implementations, and are not intended to limit the scope of
the present disclosure.

[0014] Corresponding reference numerals indicate corre-
sponding parts throughout the several views of the drawings.
In the drawings:

[0015] FIG. 1 illustrates a highly simplified side view of
one example of a portion of a transport mechanism, 1n this
example a reactor, formed by a tubular structure 1n accor-
dance with the present disclosure;

[0016] FIG. 1a illustrates an enlarged, cross sectional
portion of the tubular structure of FIG. 1, showing a high
level illustration of the triply periodic minimal surface
(TPMS) construction of the mechanism;

[0017] FIG. 15 illustrates an example of a wall construc-
tion for the structure shown in FIG. 1a but where the wall
portion incorporates a selective coating and forms a gas
separation membrane;

[0018] FIG. 1c illustrates an example of a wall construc-
tion for the structure shown in FIG. 1a but where the wall
portion ncorporates a printed composite sorbent to form a
gas absorption monolith with heat exchange capability;

[0019] FIG. 14 illustrates an example of a wall construc-
tion for the structure shown in FIG. 1a but where the wall
portion includes an impermeable conductive support to form
a heat exchange capability;

[0020] FIG. 1e 1llustrates an example of a wall construc-
tion for the structure shown in FIG. 1a but where the wall
portion forms a printed composite sorbent to form a gas
absorption monolith;

[0021] FIG. 1f illustrates an example of a wall construc-
tion for the structure shown in FIG. 1a but where the wall
portion incorporates a permeable membrane that forms a gas

liquid contacting surface;

[0022] FIG. 1g illustrates an example of a wall construc-
tion for the structure shown 1n FIG. 1a but where the wall
portion incorporates a permeable membrane that forms a
gas/liquid contacting surface with heat exchange;

[0023] FIG. 2a illustrates a conventional prior art, high
surface area structure, which presents difliculties 1n diffusion
to the bulk of the material volume, but presents a large
amount of surface area for reaction;

[0024] FIG. 26 1illustrates a conventional prior art low
surface area structure which enables reactions to occur
throughout the bulk of the structure due to larger diflusion
pathways 22a;

[0025] FIG. 2¢ shows a portion of a TPMS hierarchical
structure made 1n accordance with the teachings of the
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present disclosure in which a combination of high surface
area and large, intersecting diffusion pathways enables
enhanced reaction;

[0026] FIGS. 3a-3d illustrate different types of TPMS
structures that may be formed using the teachings of the
present disclosure;

[0027] FIGS. 4a and 45 illustrate TPMS structures which
may be made in accordance with the present disclosure,
which each have two separate flmmd volumes in double
Gyroid structures, which are separated by a relatively thick
wall which helps to form the third volume;

[0028] FIGS. 5a-5¢ show examples of hierarchical Gyroid
structures made using the teachings of the present disclosure
which shrink 1 size from 1x (FIG. 5a) to 0.5x (FIG. 5¢);

[0029] FIG. 5d shows another example where the cell

density varies in all three dimensions rather than just one,
and specifically where there 1s a circular density gradient 1n
the X/Y plane and a standard density gradient in the Z plane;
[0030] FIGS. 6a and 6b show two examples where the
wall thickness of a TPMS structure made 1n accordance with
the present disclosure has been varied in the horizontal
direction;

[0031] FIG. 7 illustrates how two TPMS geometries may
be joined using an exponential function for a Schwarz-D
geometry, and where the TPMS geometry includes three
distinct but continuous sections;

[0032] FIG. 8 shows a representation of a metal hierar-
chical, Schwarz-D structure fabricated using direct metal
laser sintering, in accordance with the teachings of the
present disclosure;

[0033] FIG. 9 illustrates a TPMS structure forming a
mold, which was {fabricated 1in polydimethylsiloxane
(PDMS) using a fused deposition modeling, 1n accordance
with the present disclosure; and

[0034] FIGS. 104a-10c¢ show three examples of a silicone
printed Gyroid structure printed using a Projection Micro-
Stereo Lithography process, in accordance with the teach-
ings of the present disclosure;

[0035] FIG. 11 1s a table showing mathematical expres-
sions that may be used to represent certain know types of
triply periodic nodal surfaces (TPMSs), as well as math-
ematical expression for representing the periodic nodal
surface (PNS) C(I,-Y **);

[0036] FIG. 124 1s an 1sometric cross sectional view of a
prior art TPMS structure illustrating the non-intersecting,
wall structure formed by such a surface;

[0037] FIG. 126 shows an 1sometric cross sectional view
of a Periodic Nodal Surface (PNS) C(I,-Y**) formed 1n
accordance with the mathematical expressions shown in the

table of FIG. 11;

[0038] FIG. 13 shows graphs of the friction factor versus
Reynolds number for various structures, along with a fric-
tion factor for a straight pipe, to help 1llustrate how close the
friction factor performance of the PNS structure, C(I,-Y**),
1s to those of the TPMS structures; and

[0039] FIG. 14 shows graphs of the Nusselt number versus
Reynolds number for various TPMS and PNS structures, as
well as for a straight pipe, 1llustrating the close performance

between the TPMS and PNS structures.

DETAILED DESCRIPTION

[0040] Example embodiments will now be described more
tully with reference to the accompanying drawings.
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[0041] Various embodiments presented in the present dis-
closure relate to transport mechanisms constructed using 3D
printing technologies, and which make use of either Triply
Periodic Mimimal Surface (“TPMS”) geometries or Periodic
Nodal Surface (PNS) geometries, which may be thought of
as encompassing TPMS geometries (1.e., TPMS geometries
being one type of PNS geometry). The term “transport
mechanisms™ as used herein 1s broadly meant to include
structures typically used to facilitate mass transier and/or
heat transier, such as one or more parallel extending tubular
pipes which may have internal walls or batlles, heat
exchangers using plates arranged to form serpentine tlow
paths, printed circuit heat exchangers, hollow fiber mem-
brane reactors, gas absorption beds, catalytic converters,
autothermal reactors, etc. In the following discussion, TPMS
structures will be discussed first.

[0042] TPMS ftransport mechanism structures exhibit
enhanced flow properties and interfacial area compared to
conventional reactor and heat exchanger geometries, such as
tubes and flat plates. This results 1n significantly improved
energy eiliciency, more eflicient mass transfer, more com-
pact equipment, and reduced capital cost for TPMS-based
transport mechanisms, especially for reactors and heat
exchangers. These complex structures, which are not pos-
sible to fabricate by traditional manufacturing techniques,
can now be constructed using the modern additive manu-
facturing or 3D printing technologies. Such 3D printing
systems and methodologies may include one or more of the
systems and methods shown in U.S. Pat. No. 9,308,583 to
El-Dasher et al., 1ssued Apr. 12, 2016; U.S. Patent Publica-
tion No. US-2014-0367894-A1 to Kramer et al., published
Dec. 18, 2014, the entire disclosures of which are hereby
incorporated by reference into the present disclosure.

[0043] The present disclosure describes several new
embodiments and methodologies for turning TPMS geom-
etries 1nto practical reactors. Initially, size-graded or hierar-
chical TPMS geometries are a modification of TPMSs that
allow for readily implemented tluid connections and adjust-
ment of the interfacial area to match the reaction needs of a
specific application. Secondly, thickness-graded TPMS
geometries have variable wall thickness, which maintains
strength and structural robustness of the reactor across
sections of different cell size, operating pressure, or operat-
ing temperature. Thirdly, TPMS structures can now be cast
from 3D printed sacrificial molds 1n a permeable material to
create membrane reactors, icluding gas-liquid absorption
reactors. This form of casting has been shown before in the
art and 1s known as “negative manufacturing in Boron

Carbide (https://www.sciencedirect.com/science/articie/pir/
S50264127518302053)

[0044] The resulting reactors manufactured using the
teachings of the present disclosure have specific applications
in supercritical CO,, (sCO,) power cycles, where compact
heat exchangers that operate at high temperature and pres-
sure (400-800° C., up to 300 bar) are required. Using powder
bed laser tusion, or other additive manufacturing techniques,
various reactor designs can be fabricated in the specialty
alloys, such as Inconel 623, required for these applications.
Additionally, Ultra High Temperature Ceramic (UHTC) heat
exchangers, which can withstand temperatures above 1200°
C., can be manufactured using binder jet additive manufac-
turing or other additive methods. Industrial CO,, capture 1s
another application where TPMS reactors can be applied.
The major thrust in CO, capture research 1s how to reduce
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capital cost of equipment while also improving energy
ciliciency. TPMS reactors offer high interfacial area and
high rates of mass transfer, which may reduce the overall
s1ze ol gas absorption equipment and reduce capital cost.
Improved heat exchangers are also needed for CO,, capture.

[0045] As a flexible platform, TPMS structures can be
used 1n various configurations to support diflerent materials
and functions within the carbon capture system. FIG. 1
shows a high level side view of a portion of a transport
mechanism 5 made 1n accordance with the teachings of the
present disclosure, where the mechanism includes an inlet
5a and an outlet 5b4. FIG. 1a shows one example of a TPMS
wall structure 10 that 1s used to form the mechanism 5. FIG.
15 shows an enlarged wall portion 10a of the structure 10,
where the wall portion 10a forms a gas separation mem-
brane formed by a permeable 3D printed support structure
with a selective coating 10a1 on one side. FIG. 1¢ shows the
wall portion 10a forming a gas absorption monolith with
heat exchange using a 3D printed composite sorbent 10a2.
FIG. 1d shows the wall portion 10a forming a heat exchange
structure made from an impermeable conductive support
10a3. FIG. 1e shows the wall portion 10aq forming a gas
absorption monolith formed from a 3D printed composite
sorbent 10a4. FIG. 1f shows the wall portion 10a forming a
gas-liquid contacting structure through a permeable mem-
brane 10a5. FIG. 1g shows the wall portion 10a forming a
permeable membrane 1046 for acting as a gas-liquid con-
tacting surface with a heat exchange capability. The teach-
ings provided herein apply to all of the configurations/
applications shown 1 FIGS. 1a-1/.

[0046] Inone implementation, the present disclosure com-
bines hierarchical networks with TPMS geometries, both of
which offer dramatic improvements in reactor and heat
exchanger properties. In gas-liquid mass transport systems,
a common challenge 1s how to increase the available surface
arca for contact between gas and liquid without creating
diffusion limitations. Increasing the specific surface area
umiformly leads to narrow diffusion pathways for gasses and
restricts the interaction between gasses and liquids. Lower-
ing the specific surface area improves the diffusion path-
ways, but results 1n less surface area for the reaction to
occur. Hierarchical systems are common in nature, espe-
cially for mass flow systems like vasculature and river
deltas. Hierarchical systems can overcome this limitation
through optimized patterming between low and high specific
surface area structures to obtain high diffusion and high
interaction between gasses and liquids. For example, 1n FIG.
2a, a high surface area structure 20 1s shown. The high
surface area structure 20 presents difliculties in diffusion to
the bulk of the matenal volume, but a large amount of
surface area for reaction 1s present. F1G. 25 shows a prior art
low surface area structure 22. The low surface area structure
22 enables reactions to occur throughout the bulk of the
structure due to larger diffusion pathways 22a. FIG. 2¢
shows a hierarchical structure 24 made 1n accordance with
the teachings of the present disclosure 1 which a combina-
tion of high surface area 24a and large, intersecting diffusion
pathways 245 enables enhanced reaction. The use of addi-
tive manufacturing enables the direct control over the whole
geometry of the structure 24 to create optimized structures
with both high surface area and deterministic pathways for
gas diffusion. Hierarchies such as that shown i FIG. 2c
dramatically improve mass transier in reactors.
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[0047] The work of the co-inventors of the present dis-
closure have invented ways to create hierarchical networks
of TPMS structures using 3D additive manufacturing tech-
niques. The present disclosure presents the mathematical
description of the triply periodic minmimal surfaces and
shows that these minimal surfaces can be seamlessly con-
nected to create smoothly varying hierarchical structures.
The present disclosure also shows that these hierarchical
structures can be printed by using well known additive
manufacturing techniques.

[0048] Using a hierarchy of sizes in the TPMS geometry
improves flow characteristics and eases connections to the
transport mechanism, but presents challenges for structural
robustness. A second mnnovation developed by the co-inven-
tors 1s to vary the wall thickness of the TPMS structure along
with the cell size, or alternatively to vary the wall thickness
according to expected transport mechanism operating con-
ditions. This can ensure that the transport mechanism 1is
robust and can support pressurized reactions. A third 1nno-
vation by the co-inventors 1s to fabricate the TPMS out of
permeable material, such as silicone, porous polymers, or
porous ceramics. This allows all of the transport mechanism
configurations shown i FIGS. 15-1g beyond just a heat
exchange function. The porous material can be coated on
one side 1n post-processing to give selectivity to the mem-
brane or to seal 1n an active component.

[0049] It will be appreciated that a minimal surface is a
surface with the smallest possible area within the boundary
of that surface. Minimal surfaces have zero mean curvature
at every point, which means that the surface bends equally
in the direction of principal curvatures. Soap films are
examples of minimal surfaces that minimize their area under
surface tension. Triply periodic minimal surfaces are a
special group of minimal surfaces which repeat themselves
in three dimensions. A triply periodic minimal surface
divides the space into two non-intersecting but continuous
volumes that are intertwined with each other. Because of this
intertwining and convoluted nature of the surface, triply
periodic minimal surface structures can offer higher surface
area to volume ratio than simple geometric structures like
pipes or microchannels. The enhanced surface area 1s desir-
able for high heat transfer and mass transier applications
such as heat exchangers and reactors. Meanwhile, the turn-
ing tlow paths 1 some TPMS structures enhance mixing
without creating the snags and weak points seen 1n conven-
tional mixing channels, like zig-zags. The cells created by
TPMS structures described herein also provide the benefit of
creating more eddies and/or turbulence in the flowing
medium as the medium flows through the cells of the
transport mechanism, which enhances mixing, which 1s
important for mass transier/reaction mechanisms.

[0050] Using TPMS structures for such applications have
recently been reported 1n Jung, Y. and Torquato, S. “Fluid
permeabilities of triply periodic minimal surfaces.” Physical
Review E, 72, No. 5 (2005):056319; Femmer, Tim, Alexan-
der J C Kuehne, and Matthias Wessling. “Estimation of the
structure dependent performance of 3-D rapid prototyvped
membranes.” Chemical Engineering Journal, 273 (2013):
438-445; Femmer, Tim. “Rapid Prototyping of Membranes
and Membrane Devices.” (Doctoral dissertation), Univer-
sitsitatsbibliothek der RW'TH Aachen), 2016; and Ryan,
Robert C. “Minimal surface area mass and heat transfer

packing.” U.S. Pat. No. 9,440,216, 13 Sep. 2016. Femmer et
al. showed that a TPMS geometry offered up to 14 times
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more heat transier per unit surface area and per unit reactor
volume compared to plates and flat tubes. The results
suggest that TPMS heat exchangers can be made an order of
magnitude smaller and with substantially less material than
even state-oi-the-art micro-channel heat exchangers.

[0051] The triply periodic minimal surfaces (TPMS) can
be generated by using the Weierstrass formula which
requires numerical integration of complex functions 1n a
complex domain (i.e., where, mathematically, a complex
number represents a form a+ib, where a and b are real
numbers and 1 1s an 1maginary number equal to the positive
square root of -1, that is i*=-1). Alternatively, the TPMS
surfaces can be represented with a level set function. The
co-inventors have developed a computer code to generate
the TPMS structures using level set functions. A level set
function in three dimensions can be represented by the
following equation:

Fx,vz)=t (Equation 1)

[0052] Here, t 1s a constant which determines the volume
fractions of the two domains separated by the level set
surface. The function F (X, y, z) controls the shape of the
TPMS geometry. The following equations represent some of
the common TPMS geometries with known analytic expres-
S101S:

[0053] The Schoen-G or Gyroid:

(Equation 2)

P 2r Y (2n
(.?C, Y, Z) — CGS(IX]SIH(I}’] -+

(T (T Tohi T
cos| — vy [sin|] —z|++cos| —z |sin| —x
L L L L

[0054] The Schwarz-P surface:

F — (ZH )+ (2” ]+ (23'? ] (Equation 3)

[0055] The Schwarz-D surface:

F 27 2 27 (Equation 4)
(}.’:, Y Z) — CGS(IX]CGS(I}’]CDS(IZ] +

MESNSERWES

[0056] The I-WP surface:

(Equation 3)

P ) 2 PFs
(‘xﬂ' Y, Z) — CDS(ZE]CGS(z})] +

2m 2m 2r 2m
CDS( —x]ms( — z] + ZCDS(— y]ms( —z] -
L L L L

(4H ] (4H ] (4ﬂ ]
cos| — x| —cos| —v|—cos| —z
L L L

[0057] Here, L 1s the length of the cubic unit cell. These
equations represent a single thin surface for a TPMS geom-
etry, which divide the domain into two interpenetrating
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volumes. To obtain a finite wall thickness between these
volumes, two level set functions may be combined in the
tollowing way:

F(x,v,z)=+xt

FIGS. 3a-3d show four such TPMS structures 30-36 created
in accordance with Equations 2-5, respectively. In these
double-TPMS structures 30-36, the two level set surfaces
divide the domain into three continuous volumes. FIG. 3a
shows a Gyroid surface structure, FIG. 35 a Schwarz-D
surface structure; FIG. 3¢ a Schwarz-P surface structure, and
FIG. 3d a I-WP non-congruent surface structure. FIGS. 4a
and 4b show the two separate fluid volumes in double
Gyroid structures 40 which are separated by a relatively
thick wall 42 (FIG. 4a) and 44 (FIG. 4b), which forms the
third volume. The separate volumes are color coded by the
value of the level set function, wherein the blue walls 42 1n
FIG. 4a indicate negative values and the red walls 44 1n FIG.
4b positive values. The unit cell of these double Gyroid
structures 40 1n FIGS. 4a and 45 does not change in the
domain, so the specific surface area (surface area per unit
volume) remains uniform throughout the entirety of the
structure.

[0058] The above equations are available 1n present day
scientific literature. However, these repeating geometries
alone do not constitute a reactor design. For example, an
industnal scale reactor may have 1000’s of unit cells on each
face, making for a very challenging manifold design to
connect this geometry to a single fluid inlet. In published
laboratory designs, fluid connections are achieved by sealing
ofl each side of the reactor 1n a solid, flat wall (see, for
example, Femmer et al.), however this 1s unlikely to lead to
ellicient fluid distribution and even flow. Instead, the present
disclosure proposes another unique method: smoothly grad-
ing the size of cells so that large cells at the ends provide
casy points of connection. The gradient, or hierarchy, of
s1zes can also be adjusted to provide zones of high interfacial
area (at the price of higher pressure drop) 1n some zones of
the reactor, and lower interfacial area (and lower pressure
drop) 1n zones where the reaction 1s not mass-transier
limited or heat-transfer limaited.

[0059] The size gradient 1s achieved as follows. If L 1s the
length of the unit cell and 1 1s the shrinkage or expansion
factor of the cell, then the two TPMS structures can be
smoothly connected by moditying the unit cell length using
the following equation:

Lmodg'ﬁedzl’-l-( 1 _HE((p))Lf

where H_(¢) 1s the smoothed Heaviside function that deter-
mines the nature of variation of the graded zone:

(Equation 6)

(Equation 7)

( 1, P < —& (Equation 8)
1
H. () =< |1+ g + ;Siﬂ(?)], 1P| < &
0, P> &
[0060] Here, (X, v, z) 1s the level set function to deter-

mine where the modification should take place. In our
models we have chosen ¢=0 to be the mid-plane of the
graded zone. The value of € determines the span or length of
the graded zone. This procedure seamlessly connects mul-
tiple TPMS structures creating a smoothly varying hierar-
chy. FIGS. 5a-5¢ show hierarchical Gyroid structures 50, 52
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and 34, respectively, which all have the same shrinkage 1n
s1ze Irom 1x to 0.5x. The span of the graded zone has been
varied by changing ¢ from 0.2L to L (leftmost FIG. 5a to
rightmost FIG. 5¢). FIG. 54 shows still another example of
a structure 55 where the cell density 1s varied 1n all three of
the X (length), Y (height) and Z (depth) planes. The structure
55 of FIG. 5d has a circular density gradient 1in the X/Y plane
and a standard (regular) density in the Z plane.

[0061] Instead of the smoothed Heaviside function, one
can also use any continuous function that smoothly varies
between a range ol numbers to join the two TPMS geom-
etries. One such example 1s using an exponential function
for Schwarz-D geometry, as shown for the structure 70 1n
FI1G. 7, which includes distinct but continuous sections 70a,
706 and 70c. Larger cells on the left and right side of this
hierarchical structure are used to connect the mlet and outlet
ports to an external source (such as syringe pump ), whereas
the smaller cells 1n the middle portion act as the reactor or
heat exchanger core where the enhanced transport mecha-
nism takes place.

[0062] A similar strategy can be used to define smoothly
varying wall thickness in a TPMS reactor. To accomplish
this we modity F by multiplying it with a Heaviside func-
tion, as shown 1n the following equation:

F podifiea=H (@) (X,,7) (Equation 9)

[0063] The Heaviside function H_ (@) controls the varia-
tion 1n thickness and go control the location of this variation.
The vanable wall thickness property can be incorporated
into the size-graded or hierarchical TPMS geometries to
adjust the structural strength and robustness. This way one
can selectively vary the interfacial area and wall thickness of
TPMS reactors 1 a controlled manner.

[0064] FIGS. 6a and 65 present two such examples where
the wall thickness 60a has been varied in the horizontal
direction (in the X plane representing length). FIGS. 64 and
65 show a structure 60 with Gyroid hierarchy (FIG. 6a) and
a structure 62 (FIG. 6b) with a Schwarz-D hierarchy. In FIG.
6a, the wall thicknesses 60a and 605 can be seen to be
different, with the thickness gradually getting less across the
structure moving from left to right (1.¢., along the X plane).
[Likewise, the structure 62 can be seen to have the wall
thickness being gradually reduced from wall portion 62a to
wall portion 626 (1.e., varying in the X plane, or the
horizontal direction going left to right 1n FIGS. 6a and 65).
Accordingly, the present system and method presents a
flexible way to maintain the structural robustness 1n selected
parts of the TPMS geometry especially when these parts
operate under high pressure and/or high temperature, while
enabling control over wall thickness, cell densities and/or

the overall number of cells 1n a given TPMS structure, in
cach of the X, Y and Z planes of the structure.

[0065] Hierarchical TPMS structures can be fabricated
using a variety of additive manufacturing techniques such
as, without limitation, fused deposition modeling, direct
metal laser sintering, and binder jet technique.

[0066] The co-inventors have fabricated a metal hierar-
chical, Schwarz-D structure 80, shown 1 FIG. 8, using
direct metal laser sintering. This method mvolved using a
bed of fine metal powder which was sintered using a laser.
The structure 80 forms a 3D geometry which was formed
from sintering 2D layers of the metal 1n a layer-by-layer
assembly. A TPMS structure was also fabricated 1n polydi-
methylsiloxane (PDMS) using a fused deposition modeling
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to fabricate a mold 90 for the PDMS, as shown 1n FIG. 9. In
fused deposition modeling, a thermoplastic matenal 1s
extruded through a heated printer extruder head. The molten
thermoplastic builds the 3D structure mn a layer-by-layer
process. The PDMS Schwarz-D TPMS structure 90 was
tabricated by first making a 3D printed negative mold of the
Gyroid structure using acrylonitrile butadiene styrene
(ABS). The liquud PDMS 1s then cast into the mold and
cured. Last, the ABS 1s removed using acetone and centrifu-
gal force, resulting 1n a PDMS Gyroid TPMS structure.

[0067] A hierarchical TPMS reactor can be directly

printed 1n silicone. FIGS. 10a-10¢ show three examples of
such a silicone printed Gyroid structure printed using a
Projection Micro-Stereo Lithography process. FIG. 10a
shows a printed Gyroid structure 100 having wall thick-
nesses of 100 um (or 100 micro-meter); FIG. 105 shows a
printed Gyroid structure 102 having wall thicknesses of 20
um; and FIG. 10c¢ shows a printed Gyroid structure 104
having wall thickness of 10 um. This material has an
especially high permeability to CO,, O,, and other gases,
making 1t attractive for CO, absorbers, bioreactors and other
applications. Similar stereolithography techniques in devel-
opment and present day Direct Ink Write systems can be
used to print TPMS transport mechanisms (e.g., reactors
and/or heat exchangers) 1n porous ceramics and other porous
materials. The pores can subsequently be backfilled with
cells, enzymes, or morganic catalysts to create reactors for
a wide variety of applications. By flowing a polymer pre-
cursor through one of the volume domains, such a porous
TPMS backbone can subsequently be sealed on one or both
sides to hold 1n the active component, or to keep the pores
empty for gas transport.

[0068] Overall, the TPMS geometries combined with the
new geometric and fabrication concepts presented here ofler
a tlexible platform, attractive for a wide range of industrial
applications.

[0069] Referring now to FIGS. 11, 1256, 13 and 14, various
embodiments of the present disclosure relating to the appli-
cation of periodic nodal surfaces will be discussed. The
present disclosure ivolves using periodic nodal surfaces
(PNS) as novel geometries 1n a wide range of heat and/or
mass transier applications including, but not limited to,
reactors, distributors, contactors, and heat exchangers. Peri-
odic nodal surfaces have been used to approximate TPMSs
as they are easy to evaluate mathematically. However, not all
periodic nodal surfaces of cubic symmetry have a known
periodic mimmal surface counterpart.

[0070] PNS can be used to create structures that separate
a given volume into two non-intersecting domains that are
smooth and mtertwining. This makes them ideal candidates
for applications that involve heat and mass transier. For a
grven unit cell dimension, they also have surface area that
can be higher than commonly used triply periodic minimal
surfaces. The co-inventors of the present disclosure have
performed heat exchanger design calculations based on
periodic nodal surfaces, and the resulting simulations show
that these designs can have better laminar flow heat transier
performance compared to pipes.

[0071] Imtially, it will be appreciated that all of the
applications described above which mvolve or implement a
TPMS structure are also able to be mmplemented using
Periodic Nodal Surfaces. However, since there are many
more expressions for Periodic Nodal Surfaces (PNSs’), there
are many more candidates to choose from when designing a
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reactor, contactor or heat exchanger or other like heat or
mass transier system. Recently the co-inventors of the
present disclosure used one such surface along with four
well known TPMSs to evaluate the heat transier properties
of heat exchangers based on various geometries. Those
geometries are listed in Table 1 of FIG. 11. The first four, the
Fisher Koch S, the Gyroid, the Schwarz-D and the Schwarz-
P, are TPMS structures. FIG. 12a shows a prior art TPMS
surface structure. FIG. 125, illustrating Structure C(I,-
Y **), 1s a PNS structure comprising 1x1x4 unit cells.

[0072] Hydrodynamic and heat transfer properties during
laminar flow were computed using the COMSOL MUL-
TIPHYSICS® software to produce simulations for each of
the two domains created by each of these surfaces. The
direction of the fluid tlow for these simulations was 1n the z
direction (containing 4 unit cells, as indicated in FIG. 12a),
and periodic boundary conditions were applied 1n the x and
y directions (containing only 1 unit cell, with the x and y
directions indicated in FIG. 12b6). Therefore, the results
discussed here are most suitable for structures that contain a
large number of repeating units so that the contributions of
the walls bounding the structure 1s negligible compared to
the contribution of the wall separating the two domains.

[0073] The fanning friction factor, 1, which 1s a measure of
resistance to the flow, 1s computed from the laminar flow
simulations and plotted against the Reynolds number, Re, 1n
FIG. 13. The term 11s defined as the ratio of wall shear stress
and kinetic energy density, f=t/0.5pv* (Bird et al., 2002).
For comparison, the solid black line 200 in FIG. 13 repre-
sents laminar flow 1n pipes, for which I=16/Re. As expected,
all of the structures (1.e., all 5 structures 1n FIG. 11) have
friction factors higher than that of pipes. The friction factor
values are also very similar for the structures mentioned in

FIG. 11.

[0074] The Nusselt numbers for these structures, Nu,
which 1s a measure of the heat transfer property, are plotted
in FIG. 14. For comparison, the solid black line 202 repre-
sents convective heat transfer under thermally fully devel-
oped laminar flow in pipes with a constant temperature
boundary condition. The Nusselt number for this case 1s 3.66
(Bird et al., 2002). For all of the structures mentioned 1n
FIG. 11 which were reviewed, the Nusselt number increased
with Reynolds number, which 1s 1n contrast with the constant
Nusselt number for a pipe with laminar flow. Analyzing the
flow patterns observed in the different structures shows
frequent merging and splitting of the flow domains created
by the Schwarz-D and C(I2-Y**) surfaces, (FIG. 12b)
which resulted in their higher Nusselt number values. The
enhancement in the Nusselt number of the structures in
Table 1 of FIG. 11 compared to a pipe was between a factor

of 1.3 to 14.6.

[0075] The superior heat transfer performance can reduce
the size of the PNS based heat exchanger dramatically,
reducing the overall pressure drop. At a fixed pressure drop,
a Schwarz-D heat exchanger achieves the same heat transfer
performance in an order of magnitude smaller volume than
a tubular exchanger. This savings in materials and equip-
ment si1ze can oilset the possibly higher fabrication costs of
additive manufacturing. The savings 1n footprint can also be
a significant advantage 1n applications where space or
weight 1s at a premium.

[0076] Apart from an improved heat and mass transfer
performance, TPMS and PNS based designs open up pos-
sibilities for tailoring the process equipment for internally-
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changing conditions. For instance, the size of the unit cell
can be increased or decreased along the heat exchanger
length 1n response to changing density or viscosity of the
fluid. The relative sizes of the two volume domains can also
be altered for different types of fluids with different prop-
erties and for different flow rates. Thus, PNS based heat
exchangers not only offer better heat transfer performance
but are also amenable to design optimization that offer these
and other advantages yet to be explored.

[0077] The foregoing description of the embodiments has
been provided for purposes of 1llustration and description. It
1s not intended to be exhaustive or to limit the disclosure.
Individual elements or features of a particular embodiment
are generally not limited to that particular embodiment, but,
where applicable, are interchangeable and can be used 1n a
selected embodiment, even iI not specifically shown or
described. The same may also be varied in many ways. Such
variations are not to be regarded as a departure from the
disclosure, and all such modifications are intended to be
included within the scope of the disclosure.

[0078] Example embodiments are provided so that this
disclosure will be thorough, and will tully convey the scope
to those who are skilled in the art. Numerous specific details
are set forth such as examples of specific components,
devices, and methods, to provide a thorough understanding
of embodiments of the present disclosure. It will be apparent
to those skilled 1n the art that specific details need not be
employed, that example embodiments may be embodied 1n
many different forms and that neither should be construed to
limit the scope of the disclosure. In some example embodi-
ments, well-known processes, well-known device struc-

tures, and well-known technologies are not described in
detail.

[0079] The terminology used herein 1s for the purpose of
describing particular example embodiments only and 1s not
intended to be limiting. As used herein, the singular forms
“a,” “an,” and “the” may be 1tended to include the plural
forms as well, unless the context clearly indicates otherwise.
The terms “‘comprises,” “comprising,” “including,” and
“having,” are inclusive and therefore specity the presence of
stated features, integers, steps, operations, elements, and/or
components, but do not preclude the presence or addition of
one or more other features, integers, steps, operations,
clements, components, and/or groups thereof. The method
steps, processes, and operations described herein are not to
be construed as necessarily requiring their performance in
the particular order discussed or illustrated, unless specifi-
cally identified as an order of performance. It 1s also to be
understood that additional or alternative steps may be
employed.

[0080] When an element or layer 1s referred to as being
“on,” “engaged to,” “connected to,” or “coupled to” another
clement or layer, 1t may be directly on, engaged, connected
or coupled to the other element or layer, or intervening
clements or layers may be present. In contrast, when an
clement 1s referred to as being “directly on,” “directly
engaged to,” “directly connected to,” or “directly coupled
to” another element or layer, there may be no interveming,
clements or layers present. Other words used to describe the
relationship between elements should be interpreted 1n a like
tashion (e.g., “between” versus “directly between,” “adja-
cent” versus “directly adjacent,” etc.). As used herein, the
term “and/or” includes any and all combinations of one or

more of the associated listed items.
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[0081] Although the terms first, second, third, etc. may be
used herein to describe various elements, components,
regions, layers and/or sections, these elements, components,
regions, layers and/or sections should not be limited by these
terms. These terms may be only used to distinguish one
clement, component, region, layer or section from another
region, layer or section. Terms such as “first,” “second,” and
other numerical terms when used herein do not imply a
sequence or order unless clearly indicated by the context.
Thus, a first element, component, region, layer or section
discussed below could be termed a second element, com-
ponent, region, layer or section without departing from the
teachings of the example embodiments.

[0082] Spatially relative terms, such as “inner,” “outer,”
“beneath,” “below,” “lower,” “above,” “upper,” and the like,
may be used herein for ease of description to describe one
clement or feature’s relationship to another element(s) or
teature(s) as 1llustrated 1n the figures. Spatially relative terms
may be intended to encompass different orientations of the
device 1n use or operation in addition to the orientation
depicted 1n the figures. For example, 1f the device in the
figures 1s turned over, elements described as “below” or
“beneath” other elements or features would then be oriented
“above” the other elements or features. Thus, the example
term “below” can encompass both an orientation of above
and below. The device may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly.

What i1s claimed 1s:

1. A transport mechanism apparatus for transporting at
least one of a gas or a liquid, comprising;:

an 1nlet;

an outlet; and

an engineered cellular structure formed 1n a three dimen-

stonal (3D) printing operation to include cells propa-
gating periodically in three dimensions, with non-
intersecting, non-flat, continuously curving wall
portions which form two non-intersecting domains, and
where the wall portions having openings forming a
plurality of flow paths extending in three orthogonal
dimensions throughout the transport mechanism appa-
ratus from the inlet to the outlet.

2. The apparatus of claim 1, wherein the engineered
cellular structure comprises a periodic nodal surface struc-
ture.

3. The apparatus of claim 1, wherein the engineered
cellular structure comprises a triply periodic minimal sur-
tace (TPMS) structure.

4. The apparatus of claim 3, wherein the TPMS structure
forms a hierarchical structure.

5. The apparatus of claim 1, where a first subportion of the
cells include openings which form the inlet, and a second
subportion of the cells include openings forming the outlet.

6. The apparatus of claim 1, wherein the cells decrease
smoothly 1n size from the inlet moving towards the outlet.

7. The apparatus of claim 1, wherein the cells decrease
smoothly 1n s1ze moving from the outlet to towards the inlet.

8. The apparatus of claim 1, wherein the cells decrease
smoothly 1n size moving from the inlet and outlet towards
the central portion of the apparatus.

9. The apparatus of claim 1, wherein a thickness of the

wall portions 1s non-uniform across at least one of a length
(X plane), a height (Y plane) and a depth (Z plane) of the
apparatus.

e 4 1
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10. The apparatus of claim 1, wherein the wall portions
comprise at least one of:

a gas separation membrane; or

a gas absorption monolith.

11. The apparatus of claim 1, wherein the TPMS structure
1s defined by a level set function.

12. The apparatus of claim 11, wherein the level set
function comprises:

F(x,v,z)=t, where:

t=constant which determines a volume of fractions of two

domains separated by a level set surface; and

F(x,y,z) controls a shape of a geometry of the cells of the

TPMS structure.

13. The apparatus of claim 1, wherein the engineered
cellular structure 1s defined using level set surfaces that
divide the TPMS structure into three continuous volumes.

14. The apparatus of claim 1, wherein the engineered
cellular structure comprises a triply periodic minimal sur-
tace (TPMS) structure forming at least one of:

a Gyroid surface structure;

a Schwarz-D surface structure;

a Schwarz-P surface structure; and

a I-WP bi-continuous surface structure.

15. The apparatus of claim 1, wheremn the cells are
non-uniform in size over at least one of a length (X plane),
a height (Y plane) and a depth (Z plane) of the apparatus.

16. The apparatus of claim 15, wherein a size gradient of
the cells 1s controlled 1n accordance with the formula:

Lmod’g’ﬁedzl‘-l-( 1 _HE((p))Lf

where L 1s a length of the unit cell, and 1 a shrinkage or
expansion factor of the cell;

where H_ (@) 1s a smoothed Heaviside function which
determines the nature of vanation of a graded zone:

( 1, P < —&

H,(¢) = < 1+?+£Sin(@)], B < &
E ¥re E

0, P> &

and where @(x, v, z) 1s a level set function to determine
where a modification 1n the size gradient takes place along
the apparatus.

17. The apparatus of claim 1, wherein the engineered
cellular structure 1s formed using at least one of:

fused deposition modeling; and

direct metal laser sintering.

18. The apparatus of claim 1, wherein the cells are formed
such that the walls comprise at least one of:

a permeable printed support;

a printed composite sorbent;

an 1mpermeable conductive support;

a permeable membrane that forms a gas/liquid contacting,

surface; and
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a permeable membrane that forms a gas/liquid contacting
surface with a heat exchange operation.

19. A 3D printed transport mechanism apparatus for
transporting at least one of a gas or a liquid, comprising:

an 1nlet;

an outlet;

an engineered cellular structure formed 1n a layer-by-layer
three dimensional (3D) printing operation to include
cells having non-intersecting wall portions forming two
independent domains, wherein the non-intersecting
wall portions propagate 1n three orthogonal directions,
and wheremn the cells include wall portions having

openings which help, together with the non-intersecting,
wall portions, to form a plurality of flow paths through-
out the transport mechanism from the 1nlet to the outlet,
and where portions of the cells form the inlet and the
outlet; and

at least one of a wall thickness or a dimension of the cells

1s non-uniform across at least one of a length (X plane),
a height (Y plane) or depth (Z plane) of the apparatus.
20. The apparatus of claim 19, wherein the wall thickness
1s non-uniform such that the wall thickness decreases along
a length of the apparatus from the inlet to the outlet.
21. The apparatus of claim 19, wherein the wall thickness
1s non-uniform such that a dimension of the cells decreases
over a portion of a length of the apparatus.
22. The apparatus of claim 19, wherein the engineered
cellular structure comprises a triply periodic minimal sur-
face (TPMS) surface structure, and wherein the TPMS
surtace structure forms at least one of:
a Gyroid surface structure;
a Schwarz-D surface structure;
a Schwarz-P surface structure; and
a I-WP bi-continuous surface structure.
23. A method for forming a transport mechanism for
transporting at least one of a gas or a liquid, comprising:
using a three dimensional (3D) printing operation to form
the mechanism with an inlet and an outlet;

controlling the 3D printing operation in inlet to create the
mechanism as an engineered surface structure formed
in a layer-by-layer process using the 3D printing opera-
tion; and

turther controlling the 3D printing operation such that the

engineered surface structure includes a plurality of cells
propagating periodically 1n three dimensions, with non-
intersecting, non-tlat, continuously curving wall por-
tions which form two non-intersecting domains, and
where the wall portions have openings forming a
plurality of flow paths extending in three orthogonal
dimensions throughout the transport mechanism appa-
ratus from the inlet to the outlet.

24. The method of claim 23, further comprising control-
ling the 3D printing operation such that the cells formed vary
in at least one of:

dimension throughout the mechanism; or

wall thickness throughout the mechanism.
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